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Oxygen-dependent ion transport in erythrocytes
Abstract
The present contribution reviews current knowledge of apparently oxygen-dependent ion transport in
erythrocytes and presents modern hypotheses on their regulatory mechanisms and physiological roles. In
addition to molecular oxygen as such, reactive oxygen species, nitric oxide, carbon monoxide, regional
variations of cellular ATP and hydrogen sulphide may play a role in the regulation of transport,
provided that they are affected by oxygen tension. It appears that the transporter molecules themselves
do not have direct oxygen sensors. Thus, the oxygen level must be sensed elsewhere, and the effect
transduced to the transporter. The possible pathways involved in the regulation of transport, including
haemoglobin as a sensor, and phosphorylation/dephosphorylation reactions both in the transporter and
its upstream effectors, are discussed.
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Abstract 
The present contribution reviews current knowledge of apparently oxygen-
dependent ion transport of erythrocytes and presents modern hypotheses on their 
regulatory mechanisms and physiological roles. In addition to molecular oxygen as 
such, reactive oxygen species, nitric oxide, carbon monoxide, regional variations 
of cellular ATP and hydrogen sulphide may play a role in the regulation of 
transport, provided that they are affected by oxygen tension. It appears that the 
transporter molecules themselves do not have direct oxygen sensors. Thus, the 
oxygen level must be sensed elsewhere, and the effect transduced to the 
transporter. The possible pathways involved in the regulation of transport, 
including haemoglobin as a sensor, and phosphorylation/dephosphorylation 
reactions both in the transporter and its upstream effectors, are discussed.  
 
Keywords: oxygen, ion transport erythrocytes, haemoglobin, nitric oxide, free 
radicals
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Introduction 
The major function of erythrocytes is to transport oxygen from the environment to 
the sites of consumption. The oxygen tension experienced by the erythrocytes 
varies markedly in circulation. Most of the oxygen is transported haemoglobin-
bound.  The oxygen affinity of haemoglobin can be adjusted by adjusting the 
intraerythrocytic conditions, for example the cell volume (and consequently the 
haemoglobin concentration) and the intraerythrocytic  pH (Nikinmaa, 1997). 
Changes in oxygen tension in turn can control the activity of ion transporters 
(Gibson et al., 2000), which are involved in maintenance of cellular volume and pH 
(Nikinmaa, 1992). Since both red cell volume and pH affect the haemoglobin-
oxygen affinity, ion transport across the red cell membrane contributes to the 
regulation of oxygen delivery.  The role of ion transporters in the control of red cell 
volume and  pH has been intensively studied and reviewed (Jacobs & Stewart, 
1942, Hladky & Rink, 1977, Cala, 1983, Nikinmaa, 2003). On the other hand, while 
oxygen-dependent ion transport in erythrocytes has been investigated for several 
decades it has earlier been reviewed only by Gibson et al. (Gibson et al., 2000). 
The present contribution focuses on recent findings regarding the properties and 
regulation of oxygen-sensitive ion transport in erythrocytes, since much new 
information has become available during 2000’s. Oxygen-dependent regulation of 
ion transport has been investigated especially in excitable cells. While using the 
findings to explain the behaviour of erythrocytes is certainly speculative, they may 
shed some light on the mechanisms generating oxygen sensitivity of ion 
transporters also in red cells. Therefore, in addition to summarising recent 
advances in the field we take the opportunity to present our views on the possible 
role of factors, which have not earlier been considered in connection with 
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apparently oxygen-dependent ion transport. Our aim is that in addition to just 
reviewing the existing information, the hypotheses/suggestions that we make may 
stimulate new studies which may either confirm the suggestions or indicate that 
they are faulty.   
Oxygen-sensitive ion transporters 
Table 1 illustrates the different ion transporters which have hitherto been shown to 
be oxygen-sensitive in different species. These include potassium transport by 
both the potassium-chloride cotransporter (KCC) and the sodium-potassium-
chloride cotransporter (NKCC), the sodium-proton exchanger (NHE) and the anion 
exchanger (band 3 or AE). In addition, there is also a report suggesting that active 
transport by the sodium pump (Na, K ATPase) is affected by oxygen. Oxygen may 
either decrease or increase the activity of ion transport and the oxygen tension for 
half maximal effect (P50) on transport activity may be either close to the P50 value 
for haemoglobin (Hb) oxygen binding or considerably higher, as illustrated in 
Figure 1 for NKCC and KCC in crucian carp red blood cells. NHE, NKCC and KCC 
generally appear to be oxygen-sensitive whenever they are expressed in red cells 
(Table 1). However, some of these transporters are incompletely characterised in 
some species. Thus, the oxygen sensitivity has yet to be established for the NHE 
in human, eel and cod red blood cells or for KCC in mouse red blood cells. 
Furthermore, the overall effects of oxygen tension are affected by the expression 
of the transport system: as an example, it appears that NHE and NKCC are either 
weakly expressed or absent in reptilian erythrocytes (Kristensen et al., 2008). In all 
cases that have been tested, an increase in oxygen tension decreases erythrocytic 
NHE and NKCC activities and increases KCC activity. In contrast, the anion 
exchanger and the sodium pump are usually oxygen-insensitive and stimulated by 
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oxygen only in some species. Nevertheless, virtually all the major ion transport 
pathways, involved in maintaining ion gradients, volume and pH control of 
erythrocytes, are shown to be oxygen-sensitive at least in some species (Table 1).  
A short description of the different transport pathways where literature indicates 
oxygen dependency is given below.  
Anion exchange 
Apart from the erythrocytes of agnathans  (Ohnishi & Asai, 1985, Ellory et al., 
1987) which are devoid of functional protein, the anion exchanger (band 3) is the 
major protein of the erythrocyte membrane (Hamasaki & Okubo, 1996). Chloride 
and bicarbonate transport via this pathway occur very rapidly, with the half-time for 
chloride equilibration being much less than one second at normal mammalian 
body temperature. Consequently, the effects of oxygen on the transport of these 
ions can only be studied with rapid reaction apparatus (Jensen & Brahm, 1995). 
Effects of oxygen on chloride transport could not be observed (Jensen & Brahm, 
1995). The much slower transport of divalent anions such as sulphate also occurs 
via the anion exchanger, and for sulphate transport an effect of oxygen has been 
observed in human but not in chicken erythrocytes (Galtieri et al., 2002). Sulphate 
flux decreased with decreasing oxygen tension. This was suggested to result from 
differential binding of oxy- and deoxyhaemoglobin to band 3 (Galtieri et al., 2002), 
which has been demonstrated earlier (Chetrite & Cassoly, 1985). Despite the 
apparent absence of oxygen sensitive anion exchange in most species, band 3 
plays an important role in one of the proposed mechanisms for regulating oxygen 
sensitive ion transport via other transport systems (see below).  
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Sodium/proton exchange (NHE) 
The NHE is a transporter involved in regulatory volume increase and pH regulation 
in red blood cells of numerous species. As mentioned earlier, the activity of 
erythrocytic NHE increases with decreasing oxygen tension, as observed in 
cyclostome (Virkki et al., 1998), teleost  (Motais et al., 1987; Salama & Nikinmaa, 
1988, Weaver et al., 1999) and amphibian (Kristensen et al., 2007) erythrocytes, 
regardless if the initial stimulation is osmotic shrinkage, acidification or adrenergic 
simulation. Hypoxia-induced activation of the NHE often occurs together with the 
inhibition of the KCC resulting in cell swelling and alkalinisation of the cytosol. The 
oxygen dependency of adrenergically activated NHE in fish erythrocytes has been 
studied in most detail since it was first reported to be oxygen-sensitive by Motais 
and colleagues (Motais et al., 1987). The P50 (pO2 at which the transporter 
became 50% inhibited) value for NHE (Motais et al., 1987) is way above the P50 
of bulk haemoglobin but very similar to the pO2 at which KCC became half-
maximally activated (Berenbrink et al., 2000), suggesting that a single mechanism 
may be responsible for stimulating KCC and inhibiting NHE at high oxygen 
tensions. The role of haemoglobin in regulation of activity of both transporters 
remains unsolved as recent data suggest that P50 of membrane-bound  
haemoglobin may substantially differ from that in haemoglobin solutions (Chu et 
al., 2008; see below) . 
Potassium-chloride cotransport (KCC) 
KCC is actively involved in maintenance of cell volume, mediating regulatory 
volume decrease. Although KCC is regulated by oxygen in both mammalian and 
teleost erythrocytes (Table 1), there appears to be a marked difference. Whereas 
the P50 value of bulk haemoglobin and P50 value for the KCC function  are similar 
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in mammals (Honess et al., 1996, Campbell & Gibson, 1998), the P50 value for 
the KCC-mediated ion transport is much below the P50 value of bulk haemoglobin 
in trout and crucian carp (Berenbrink et al., 2000, Berenbrink et al., 2006) (Figure 
1). Thus, it is possible that the apparent oxygen dependency is generated by two 
different mechanisms. Oxygen dependency of ion transport via KCC may be 
influenced by the cell type-specific cellular environment; since in rainbow trout the 
erythrocytes show oxygen-sensitive potassium transport via the KCC whereas the 
same transport system in hepatocytes is oxygen-insensitive (A. Bogdanova, 
unpublished data).  
Sodium-potassium-chloride cotransport (NKCC) 
As NHE, NKCC mediates regulatory volume increase in RBCs of certain species. 
Oxygen-sensitive NKCC has been described in teleost, bird and mammalian 
erythrocytes (Muzyamba et al., 1999, Drew et al., 2004, Flatman, 2005, Berenbrink 
et al., 2006). Depending on the species, the pathway can be activated under 
physiological conditions by osmotic shrinkage, beta-adrenergic stimulation and a 
decrease in oxygen tension (Russell, 2000). Its oxygen affinity is close to the 
oxygen affinity of bulk haemoglobin (Berenbrink et al., 2006).  
Sodium pump 
In the mouse erythrocyte membrane, it has been shown that the activity of the 
sodium pump decreases in hypoxia (Bogdanova et al., 2003b). In this case it 
appears that the effect is indirect, depending on the effects of oxygen on the level 
of reduced glutathione. 
  8
Other transport pathways 
It appears that at least the activation of the major channel of most erythrocytes, the 
calcium-activated potassium channel (Gardos channel), is sensitive to the changes 
in oxygenation. Although a direct effect of oxygen on Gardos channel activity has 
not been demonstrated, the action of two channel activators, CDNB and PMS, is 
oxygen-dependent: CDNB is a more effective activator in oxygenated than in 
deoxygenated cells, whereas the efficiency of PMS increases with deoxygenation 
(Gibson & Muzyamba, 2004).  
How are the oxygen-dependent effects on transporter activity generated? 
None of the ion transporters which respond to changes in oxygenation are known 
to possess oxygen binding sites. Thus, their oxygen-dependent responses are 
secondary and strictly speaking these transporters cannot be called directly 
“oxygen-sensitive”. Oxygen sensing must be mediated by an independent system, 
and the signal must be transduced from the oxygen sensing structure to the 
transporters making them responsive to variations in oxygen level.  Among the 
messengers that may render transporters oxygen-sensitive are reactive oxygen 
species (ROS), adenosine phosphates, nitric oxide and reactive nitrogen species, 
carbon monoxide or hydrogen sulphide  (Low et al., 1990, Adragna & Lauf, 1998, 
Searcy & Lee, 1998, Bogdanova & Nikinmaa, 2001, Sprung et al., 2002,Sprague 
et al., 2003, Drew et al., 2004, Olearczyk et al., 2004a, Olearczyk et al., 2004b 
Crawford et al., 2006,  D'Amico et al., 2006, Sprague et al., 2006, Jiang et al., 
2007,  Russell et al., 2008). There are data about the role of molecular oxygen and 
ROS affecting ion transport in erythrocytes (Bogdanova & Nikinmaa, 2001, Drew 
et al., 2004). In contrast, the roles played by adenosine phosphates, nitric oxide, 
carbon monoxide and hydrogen sulphide are largely speculative, since their effects 
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on erythrocyte ion transport and its dependence on oxygen has not been 
conclusively clarified, although there are indications for the role of some of these 
molecules in erythrocytic ion transport (Adragna & Lauf, 1998). However, in other 
systems ATP, AMP, adenosine, NO, CO and H2S play a role in oxygen-dependent 
phenomena (Williams et al., 2004, Crawford et al., 2006, D'Amico et al., 2006, 
Carini et al., 2007, Petrushanko et al., 2007, Olson et al., 2008, Russell et al., 
2008, Whitfield et al., 2008, Williams et al., 2008). The roles played by ROS and 
carbon monoxide may be particularly important in erythrocytes. High oxygen and 
iron content in the cytosol of erythrocytes favour ROS production (Cimen, 2008). 
Also, the activity of haem oxygenase, which has carbon monoxide as an end 
product, is high (Halliwell & Gutteridge, 2007).  
One widely discussed but speculative possibility is that oxygenation actually 
affects the phosphorylation state of the transporter, since the function of all 
oxygen-sensitive ion transporters is also regulated by phosphorylation (Flatman, 
2002; Adragna et al., 2004; Gibson et al., 2000; Jennings and Schultz, 1991; 
Weaver and Cossins, 1996; Matskevich et al., 2005). However, at present it is 
unknown whether the kinases/phosphatases which regulate the phosphorylation 
state of the oxygen-dependent transporters respond to oxygenation changes. In 
addition, the activity of ion transport systems may be affected by oxygen-sensitive 
changes in phosphorylation state of the regulatory proteins of the phosphorylation 
cascade, including cytoskeletal elements (Barvitenko et al., 2005).  If the same 
oxygen-sensitive kinases and phosphatases controlled several different ion 
transporters (the apparent responses of which to oxygenation would differ 
depending on their phosphorylation properties), the responses of the transporter in 
cell volume and ion regulation could be coordinated.    
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It appears that the apparent effects of oxygen on transporters are mediated by 
more than one oxygen sensor. This conclusion is based on several pieces of 
information.  First, different species have markedly different oxygen dependencies 
of ion transport. In some species the oxygen dependency of transporter function is 
similar to that of the average haemoglobin-oxygen affinity  (Honess et al., 1996) 
but in others (Berenbrink et al., 2000) the oxygen dependency profile  of the 
transporter activity is markedly different from the oxygen dissociation curve of 
haemoglobin.  Second, different ion transporters have markedly different oxygen 
dependencies even in erythrocytes of the same species (Fig. 1; Berenbrink et al., 
2006). Besides haemoglobin there are NO synthases and haem oxygenases that 
interact with oxygen directly and thus may play a role as oxygen sensors in 
erythrocytes.  With the exception of mature mammalian red blood cells, vertebrate 
erythrocytes are nucleated and contain mitochondria. Thus, changes in 
mitochondrial free radical production cannot be completely ruled out for non-
mammalian erythrocytes although so far there are no inications for the role of 
mitochondria in acute oxygen sensing by red blood cells. In contrast, stabilisation 
of hypoxia-inducible factor with concomitant changes in gene expression in 
nucleated erythrocytes is clearly not involved in acute (immediate) responses of 
the transporters to the changes in oxygen availability (Nielsen et al., 1992). 
Regardless of the sensors and second messengers which mediate the oxygen-
sensitivity of the ion transport system, oxygen acts on the activity of an existing 
pool of transporters reversibly modifying their activity. 
 
  11
Haemoglobin as a possible mediator of oxygen effects 
Ever since the oxygen dependence of ion transport in erythrocytes has been 
shown, it has been suggested that haemoglobin could be the actual oxygen 
sensor making transporters respond to the changes in oxygenation (Motais et al., 
1987). Deoxy- and oxyhaemoglobin bind to human band 3 with different affinities, 
with oxyhaemoglobin showing virtually no binding (Chetrite & Cassoly, 1985). 
Accumulating data on the existence of multiple oxygen sensing units, however, 
indicate that haemoglobin-band 3 interaction alone does not account for all cases 
of oxygen-induced responses of ion transporters in red cells. Oxygen-dependent 
binding of haemoglobin to the cytoplasmic amino acids of band 3 has not been 
demonstrated in fish including rainbow trout  (Jensen et al., 1998, Weber et al., 
2004) whereas both NHE and KCC in these cells are known to be oxygen-
sensitive as stated above. Band 3 is a scaffold providing docking sites for some 
integral membrane proteins such as bands 4.1 and 4.2, and with the spectrin-actin 
network via ankyrin (Low, 1986, Lombardo et al., 1992). Interaction of the band 3 
protein with the cytoskeleton and thereby with the ion transporters (Figure 2) also 
depends on the presence of deoxyhemoglobin in the vicinity of the plasma 
membrane (Chang & Low, 2003, Chu et al., 2008).. Membrane-bound 
haemoglobin comprises less than 0.5% of total haemoglobin and thus interaction 
with band 3 does not alter bulk haemoglobin oxygen affinity significantly. However, 
the overall proportions of deoxy- and oxyhaemoglobin (with different oxygen 
affinities) will determine the association and dissociation of haemoglobin with the 
cytosolic domain of the band 3. The fact that virtually only deoxyhaemoglobin 
associates with band 3 will also have a bearing to NO effects, since release of 
nitric oxide occurs primarily when haemoglobin is in the deoxy state (Gladwin et 
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al., 2006). Thus, the effect of hypoxia on ion transport in erythrocytes may be 
actually mediated by hypoxia-induced NO production similar to that in cerebellar 
granule cells (Petrushanko et al, 2007). The possibility that membrane-bound 
haemoglobin is important in regulating oxygen-sensitive ion transport is supported 
by the observation that oxygen-dependent regulation of the KCC in human 
erythrocytes membrane was preserved in cytosol-free pink ghosts but completely 
abolished in white ghosts completely deprived of both bulk and membrane-bound 
haemoglobin (Drew et al., 2004).  
The cytoskeletal network links almost all ion transporters known to be oxygen-
sensitive in red cells (Figure 2). It may thus serve as a transducer tuning the 
function of several transporters to achieve the necessary changes in volume, pH 
etc. to the changes in oxygenation of the membrane-bound haemoglobin pool. 
Band 3, playing the role of a scaffold for both deoxyhemoglobin and the spectrin-
actin network, is attached to it via ankyrin and adducin (Low, 1986). Ion 
transporters either directly associate with the band 3 protein or join the band 3- 
anchored cytoskeletal network by attaching to actin and spectrin. The catalytic 
subunits of the sodium pump interact with ankyrin and spectrin (Devarajan et al., 
1994). NKCC can interact with band 3 (Guizouarn et al., 2004) and actin (Flatman, 
2002). These interactions are affected by tyrosine phosphorylation of band 3 by 
syk kinase (Low et al., 1987).  Protein complex formed by NHE, carbonic 
anhydrase II and the band 3 tetramer is anchored to the sectrin network by ankyrin 
(Li et al., 2002, Vince & Reithmeier, 1998, Kifor et al., 1993). An increase in the 
phosphorylation of tyrosine residues in the cytoplasmic end of band 3 occurs in 
erythrocytes exposed to hypoxia (Barbul et al., 1999)  and oxidative stress (Zipser 
et al., 1997). Although structural interactions between the cytoskeletal elements 
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and the ion transporters are relatively well characterised, there is no direct 
evidence about consequent functional cross-talk between different ion 
transporters. Indirect proof of the existence of such interaction is given by the 
several reports which show that inhibitors of one ion transporter affect the function 
of another. For example, the well-known inhibitor of band 3, 
diisothiocyanstilbenedisulfonc acid (DIDS), inhibits KCC, although direct 
interaction of DIDS with KCC has never been reported (Delpire & Lauf, 1992). 
Similarly, inhibition of band 3 affects Na/K ATPase activity both in red cell 
membrane and in the collecting duct (Janoshazi & Solomon, 1989; Janoshazi et 
al., 1989).  
Oxygen dependent ion transport and changes in ATP level  
Competition between the glycolytic enzymes and deoxyhaemoglobin for binding to 
the cytoplasmic domain of the band 3 protein suggests that ATP levels in the 
vicinity of plasma membrane may vary depending of the oxygen availability even in 
enucleated erythrocytes lacking mitochondria. Most of ion transporters known to 
be oxygen-sensitive in erythrocytes respond to the changes in the intracellular 
ATP levels. The Na/K and Ca2+ pumps require ATP as a substrate whereas other 
transporters including NHE and NKCC change their phosphorylation patterns in 
response to ATP deprivation (Demaurex & Grinstein, 1994, Aharonovitz et al., 
2000, Russell, 2000, Akimova et al., 2006, Akimova et al., 2008). . Hypoxia-
induced ATP deprivation was reported in nucleated erythrocytes (Greaney & 
Powers, 1978). Thus, an apparent oxygen-dependence of ion transporters may 
reflect responses to the changes in ATP availability. However, the oxygen-
dependent changes of ion transport activity and the measured erythrocytic ATP 
levels have different oxygen dependence profiles in both fish and mammalian red 
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cells (Salama & Nikinmaa, 1988, Bogdanova et al., 2003b).This suggests that bulk 
ATP level changes do not play a primary role in affecting oxygen-dependent ion 
transport. However, although changes in oxygenation per se do not affect bulk 
ATP levels in erythrocytes except in almost anoxic conditions (Tetens & Lykkeboe, 
1981), local shifts in ATP content are possible at higher oxygen levels (Hoffman, 
1997), and these could play a role in determining ion transport activity. The 
possibility that local shifts in ATP level occur is compatible with observations that 
NADPH production via the pentose phosphate pathway and glycolytic ATP 
production is affected by oxygen-dependent variations in the binding of 
deoxyhaemoglobin and glycolytic enzymes to band 3 (Chu & Low 2006). Local 
changes in ATP content could be caused by changes in membrane-associated 
glycolytic energy production, by increased ATP consumption by the Na/K ATPase 
or by facilitation of the ATP efflux to the extracellular medium.  Of these, glycolytic 
rates in erythrocytes are affected by oxygen (Rapoport et al., 1976) apparently as 
a result of oxygen-dependent binding of haemoglobin to band 3 (Weber et al., 
2004) and the competition of binding of haemoglobin and glycolytic enzymes to 
band 3 (Messana et al., 1996, Galtieri et al., 2002) . In most erythrocytes, oxygen 
does not affect the ATP breakdown by the sodium pump, so that any effects on 
ATP levels are secondary, like, e.g. the global, marked decrease observed in 
adrenergically stimulated rainbow trout erythrocytes (Ferguson & Boutilier, 1989). 
Hypoxia increases ATP release from the erythrocytes Ellsworth et al., 1995, 
Sprague et al., 2007). This oxygen-dependent ATP transport is mediated by the 
gap junction protein pannexin 1 forming a nucleotide channel (Litvin et al., 2006, 
Locovei et al., 2006, Jiang et al., 2007). Although the importance of ATP release 
by erythrocytes in control of vascular tone has been evaluated, there are no data 
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which would have assess the possible influence of hypoxa-induced ATP release 
on the function of the ATP-dependent ion transport systems.   
ROS and oxygen-sensitive ion transport 
Changes in ROS production or a shift in the intracellular redox potential play an 
important role in regulation of the activity of apparently oxygen-dependent ion 
transporters. Deoxygenation both in vivo and in vitro causes a rapid increase in 
reduced glutathione level in erythrocytes indicating a shift in redox potential 
towards more reduced (Figure 3, (Bogdanova et al., 2003a)). Of all reactive 
oxygen species generated, the hydroxyl radical appears to be the one controlling 
the activity of KCC and the adrenergically activated NHE in rainbow trout 
erythrocytes (Bogdanova & Nikinmaa, 2001; Nikinmaa et al., 2001). The extremely 
short life span (nanoseconds) of hydroxyl radicals make them suitable for short-
range signaling molecules. Signaling by any short-range messengers requires 
colocalisation of a free radical generator and a target modified by the signaling 
molecule (e.g. (Anzai et al., 1998)). This is the case in erythrocytes where ferrous 
iron of haemoglobin may catalyse Fenton reaction in which hydroxyl radicals are 
produced in the vicinity of potential targets (Halliwell & Gutteridge, 2007). 
Changes in redox potential may affect the ion transporters directly, or by acting on 
regulatory phosphorylation/dephosphorylation cascades. Kinases and 
phosphatases present in erythrocytes do not interact with molecular oxygen 
directly as PASKIN kinase does (Katschinski et al., 2003, Hofer et al., 2001) but 
respond to the changes in redox state in the cytosol. Among several classes of 
redox-sensitive kinases are members of PKC family which contains cysteine-rich 
clusters in the catalytic core (Newton, 1995, Newton, 2003). A number of ion 
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transporters including NHE (Ceolotto et al., 1997, Malapert et al., 1997, Sauvage 
et al., 2000), NKCC (Hoffmann et al., 2007), Na/K ATPase (Bogdanova, 2006) and 
cytoskeletal proteins in red cell membrane (Al & Cohen, 1993, Jindal et al., 1996) 
contain PKC phosphorylation sites. Regulation of the oxygen-sensitive NKCC 
activity by threonine and tyrosine kinase and phosphatases has been studied in 
detail in ferret red cells (Flatman, 2002, Flatman, 2005). Threonine 
phosphorylation is involved in activation of the NKCC1 isoform present in ferret 
erythrocytes and is affected by deoxygenation. In contrast, tyrosine 
phosphorylation of the same transporter appears to be oxygen-independent 
(Flatman, 2005, Matskevich et al., 2005) . On the other hand, the activity of the 
oxygen-sensitive KCC in trout erythrocytes as well as the one in sheep 
erythrocytes is sensitive to tyrosine phosphorylation (Flatman et al., 1996, Weaver 
& Cossins, 1996). 
Interactions between oxygen and NO-dependent pathways 
Recent findings indicate that nitric oxide production by erythrocytes is oxygen-
dependent. Erythrocytes do not only store NO in form of  nitrosohaemoglobin but 
may also generate nitric oxide from NO2- in the presence of deoxyhaemoglobin 
(Gladwin et al., 2006) or from L-arginine and oxygen as they express functional 
endothelial nitric oxide synthase (eNOS) (Kleinbongard et al., 2006).  Nitric oxide 
functions as a scavenger of superoxide radicals. It competes for them with 
superoxide dismutase. Thus, the molecule reduces intracellular H2O2 and *OH- 
levels. Futhermore, NO affects the oxygen affinity of respiratory enzymes in other 
cell types (Koivisto et al., 1999). Unfortunately, nitric oxide production has never 
been taken into account in studies of oxygen-dependent ion transport. All 
experiments on oxygen sensitivity of ion transporters in erythrocytes have been 
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conducted in L-arginine-free medium. Under substrate-limiting conditions eNOS 
generates superoxide anion instead of NO. It thus amplifies oxidative stress (and 
ROS production). If ROS are involved in generating apparently oxygen-dependent 
responses in the function of ion transporters, these may be exaggerated or 
reversed as eNOS activation in red cell suspended in arginine-free media triggers 
oxidative stress (D.Mihov and A.Boganova, unpublished data). If, on the other 
hand, arginine is supplied in excess, no oxidative stress occurs even when oxygen 
concentrations in the incubation medium exceed those in arterial blood. As an 
example, in an arginine-free medium the methaemoglobin level increases with 
increasing oxygen tension, but is not affected if 100 µM L-arginine is added to the 
suspension (Figure 4). Notably, a number of erythrocyte ion transporters which are 
known to be oxygen-sensitive are also affected by NO (Pawloski et al., 2001, 
Adragna et al., 2004, Kucherenko et al., 2005). 
 Oxygen-dependent ion transport and hormonal effects 
Adrenergic stimulation 
Teleost fish characteristically have adrenergically stimulated NHE (Nikinmaa, 
1982, Baroin et al., 1984, Cossins & Richardson, 1985, Tetens & Christensen, 
1987, Cossins & Kilbey, 1991, Nikinmaa & Jensen, 1992). This transport pathway 
as well as the release of catecholamines into the circulation is oxygen-dependent 
(Motais et al., 1987, Salama & Nikinmaa, 1988, Salama & Nikinmaa, 1990, Reid et 
al., 1998).  
In some species, adrenergically stimulated NHE is inactive at atmospheric oxygen 
levels, but is activated in hypoxic conditions (Salama & Nikinmaa, 1988). Since 
beta-adrenergic stimulation of the transporter is mediated by an increase in the 
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intracellular cAMP concentration, one way of rendering transporter activity oxygen-
dependent is the oxygen-sensitive regulation of cAMP production. This is the case 
in some species (carp; (Salama and Nikinmaa, 1990) , but not in others (rainbow 
trout; (Salama, 1993)). In rainbow trout hypoxia-induced activation of the NHE 
appears to be mediated by the changes in hydroxyl radicals production suggesting 
that these radicals may play a role of second messengers in oxygen sensing by 
the transporter (Nikinmaa et al., 2003).  
Hypoxic stimulus triggers the release of catecholamines into the circulation also in 
mammals (Rowell et al., 1984). Thus, catecholamine-sensitive transporters will 
respond to the changes in oxygenation even when they do not respond to  oxygen 
directly. Among such catecholamine-sensitive transporters is the sodium/proton 
exchanger in human erythrocytes. These cells possess beta-adrenergic receptors 
(Sager, 1983), and the sodium/proton exchange activity is affected by 
catecholamines (Semplicini et al., 1989). The situation appears to be similar in 
turkey red cells. There are data suggesting that the sodium/proton exchanger of 
amphibian erythrocytes may also be adrenergically stimulated (Rudolph & 
Greengard, 1980, Kaloyianni & Rasidaki, 1996, Kaloyianni et al., 2000, Kristensen 
et al., 2007).  
Additionally, in human erythrocytes also the Na/K ATPase responds to 
catecholaminergic stimulation (Baba et al., 1998, Schulpis et al., 2007), as does 
the NKCC in erythrocytes of several bird species (Palfrey & Greengard, 1981).  
Erythropoietin 
Plasma erythropoietin level increases in hypoxia (Jelkmann, 1992). Erythropoietin 
has been shown to cause changes in the cellular redox state. The mechanisms 
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associated with the effects of erythropoietin on the redox state are poorly known. 
Most of the available data is on patients with kidney failure that were receiving 
erythropoietin in blood dialysis. Consequently, erythropoietin effects are 
superimposed on effects caused by differences in reticulocyte count (and 
erythrocyte age). Both pro- and antioxidant effects of erythropoietin on 
erythrocytes have been described (Zachee et al., 1993, Chattopadhyay et al., 
2000). The antioxidant effect may be related to the effects of erythropoietin on 
antioxidant enzyme activities (Chakraborty et al., 1988). Our recent data indicate 
that both oxidative and antioxidative action of erythropoietin is largely mediated by 
activation of the eNOS via IP3K-Akt pathway; since the absence or presence of 
arginine influences the redox effects that erythropoietin has (D.Mihov & 
A.Bogdanova, unpublished data). In transgenic mice constantly overexpressing 
erythropoietin an elevated activity of the Na/K ATPase and a lower NKCC flux 
component were reported, making red cells more deformable, thereby reducing 
sheer stress. This enables the animals to cope with haematocrit values of 85-90% 
(Bogdanova et al., 2007). Nitric oxide levels in the plasma of these transgenic mice 
was 10-fold higher than in their wild type litter-mates (Ruschitzka et al., 2000).  
Physiological role of oxygen-induced changes in activity of the transporters 
Control of cell volume and pH, and haemoglobin oxygen affinity 
Both the hypoxic activation of adrenergic NHE and hyperoxic activation of KCC 
may influence haemoglobin function by two mechanisms: by affecting erythrocyte 
pH and by affecting erythrocyte volume, and thereby organic phosphate-
haemoglobin interactions (Nikinmaa, 2003). Hypoxia-induced activation of NHE 
causes an increase in intracellular pH and in cell volume, both of which generally 
  20
increase haemoglobin-oxygen affinity thus improving oxygen loading in the 
respiratory epithelia in the face of diminished oxygen availability (Airaksinen & 
Nikinmaa, 1995, Holk, 1996, Nikinmaa, 2001). Clear in vivo demonstration of this 
adaptive response as a result of hypoxic activation of adrenergically stimulated 
NHE has been obtained in carp (Cyprinus carpio). If the animals were treated with 
the adrenergic antagonist, propranolol, before the hypoxic exposure, there was a 
significant drop in the erythrocyte pH as compared with untreated animals 
(Nikinmaa et al., 1987). As a result, the arterial oxygen content of hypoxic control 
animals was higher than that of animals treated with propranolol.  
The activation of KCC at high oxygen tensions reduces both red cell volume and 
intrareythrocytic pH. This occurs since Cl– movements are coupled to HCO3– 
movements via the anion exchanger in most species. A loss of cellular Cl– via KCC 
is partly compensated for by the increased uptake of plasma Cl– in exchange for 
intracellular HCO3–, causing a reduction of cellular HCO3– concentration and 
consecutive increase in the pH gradient across the erythrocyte membrane (i.e., 
decrease in intracellular pH). To date, experimental measurements of changes in 
erythrocyte pH owing to the increased KCC activity have not been made. 
However, extracellular alkalinization has been observed in nitrite-treated carp in 
vivo (Jensen et al., 1987, Jensen, 1990). This suggests that the erythrocyte pH at 
a constant extracellular pH is reduced (Jensen, 1990,  Nikinmaa & Salama, 1998). 
Activation of KCC at elevated oxygen tensions also causes a reduction of 
erythrocyte volume to a level far below that expected on the basis of the 
oxygenation-dependent change in the charge of hemoglobin (Nikinmaa & Salama, 
1998). The possible physiological significance of the KCC induced reduction of red 
cell volume and pH has not been investigated in detail but it could facilitate oxygen 
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unloading at the arterial end of the capillary bed in environmental hyperoxia, 
during which the KCC is maximally activated (Nikinmaa, 2003). 
Plasma potassium buffering 
Oxygen sensitivity of red blood cell KCC and NKCC may be important for spatio-
temporal buffering of plasma potassium during exercise in some species. Large 
amounts of K+ are released from the actively working muscle into the plasma in 
mammals, sometimes leading to a doubling of plasma [K+] (Vollestad et al., 1994; 
reviewed by Sejersted & Sjogaard, 2000), and exercise causes increased plasma 
K+ levels in teleosts (Nielsen et al., 1992, Knudsen & Jensen, 1998) and 
presumably other vertebrates. Elevated plasma [K+] diminishes the 
transmembrane gradient for this ion in excitable tissues and has been implicated in 
muscle fatigue (Sejersted & Sjogaard, 2000). Net uptake of K+ by hypoxia-
activated NKCC into crucian carp, bird or ferret red blood cells (Table 1) will aid in 
buffering plasma [K+] during exercise and thereby delay muscle fatigue and 
maintain cardiac excitability as first suggested for birds (Riddick et al., 1971). The 
capacity of plasma K+ buffering may be further increased in the presence of 
oxygen-stimulated KCC by the dynamic interaction with other tissues. In well 
oxygenated tissues red cell NKCC will be inhibited and KCC in turn activated (Fig. 
1). K+-loaded erythrocytes passing non-exercising muscles can therefore 
conceivably release K+ back into the plasma, from which it can be taken up via the 
sodium pump of these tissues, enhancing the capacity for shifting K+ away from 
working muscles. Not all of the above components may be expressed to the same 
extent in different species, though. Thus, in trout and horse red blood cells, which 
harbour a powerful oxygen-sensitive KCC, there is no evidence for NKCC 
expression and the sodium pump, which is not inhibited by anoxia in most red cells 
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(Table 1), may be primarily responsible for K+ uptake into red cells in hypoxic 
working muscles, as suggested for red blood cells in exercising humans (Lindinger 
& Grudzien, 2003). However, although these authors mimicked exercise conditions 
by increasing plasma osmolality, acidity and beta-adrenergic agonist levels in their 
experiments, they did not control for oxygen tension and so may have missed the 
contribution of the deoxygenation-activated red cell NKCC to plasma K+ buffering, 
as the transporter appears insensitive to beta-adrenergic stimulation in humans 
(Palfrey & Greengard, 1981). 
Erythrocyte deformability  
The red cell deformability depends on erythrocyte volume, cytosolic viscosity, age 
and oxidative stresses experienced (Mohandas & Shohet, 1978, Smith, 1983, 
Shiga et al., 1985). Since the deformability is furthermore regulated by NO (Bor-
Kucukatay et al., 2003, Kleinbongard et al., 2006) and is affected by erythropoietin 
(Bor-Kucukatay et al., 2003, Vogel et al., 2003, Bogdanova et al., 2007) virtually all 
well- and poorly studied oxygen-dependent phenomena may affect erythrocyte 
deformability and consequently the entrance to and passage in capillaries with 
effects on both oxygen loading and unloading.  
Erythrocyte life-span 
Despite the exceptionally high activity of the antioxidative enzymes (Kurata et al., 
1993, Tsantes et al., 2006, Halliwell & Gutteridge, 2007)  oxidised proteins in 
erythrocytes accumulate with time. The rate of  oxidation of cysteine residues in 
band 3 is one of the determinants of erythrocyte life-span (Lutz et al., 1988). 
Oxidation of cysteine residues causes the oligomerisation of band 3. Band 3 
oligomers are recognized by the naturally occurring anti-band 3 antibodies, 
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whereby the cells are marked for phagocytosis (Lutz, 2004). In addition, 
aggregation of (partially) oxidized haemoglobin to Heinz bodies facilitates the 
recognition of erythrocytes by senescent cell antibodies and the consecutive 
removal of cells from circulation (Low et al., 1985, Kay et al., 1988). Oxidative load 
increases markedly in red cells of patients with various forms of anemia including 
sickle cell anemia contributing to a reduced life span of HbSS erythrocytes (Repka 
& Hebbel, 1991).  
Thus, by causing oxidation of the band 3 protein, ROS play a role in defining the 
fate of the erythrocyte. Furthermore, oxygen-induced changes in cell volume, 
influenced by oxygen-dependent ion transport, affect the intensity of shear stress 
which the membrane is exposed to when passing through the capillaries. These 
changes may accelerate the loss of self-specifying structures such as CD47 and 
sialic acid residues, also marking cells as senescent and predestined for 
clearance. In addition to ROS, erythropoietin levels may alter the rate of 
erythrocytes clearance (Bogdanova et al., 2007), adding to the possibilities for 
indirect oxygen-dependent effects. However, apart from the role of band 3, it is not 
known, how the oxygen-dependent ion transport pathways contribute to red cell 
senescence. 
Conclusions and future directions 
The present overview of the current state of knowledge on the mehcanisms and 
physiological relevance of oxygen-induced regulation of the ion transport systems 
in erythrocytes not only addresses the progress achieved within the last decade of 
research but also offers our hypotheses on unstudied, possibly important 
questions. We took the risk of being rather speculative to give suggestions on the 
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regulatory mechanisms and function of oxygen-sensitive ion transporters in red 
cells to complement the largely descriptive data on erythrocytes and the data on 
the actual mechanisms of oxygen sensitivity obtained in other cells types. 
Information from other cell types suggests that ion transporters are not capable of 
sensing the changes in oxygenation directly and in this sense cannot be called 
“oxygen-sensitive”. Their apparent oxygen dependency may be brought about by 
ROS, NO, CO, or H2S, the levels of which vary depending on the ambient oxygen 
level (Bogdanova and Nikinmaa, 2001; Nikinmaa et al., 2003, Kemp et al., 2006,  
Petrushanko et al., 2007, Whitfield et al., 2008). Notably, apart from the influence 
of ROS (Bogdanova and Nikinmaa, 2001; Nikinmaa et al., 2003), the role of 
different molecules in generating the oxygen dependency of ion transport has not 
been studied in red blood cells.  The role of ROS in erythrocytes may be 
particularly important, since ROS levels in these cells are necessarily high as a 
result of the extremely high abundance of both oxygen and catalysts of the Fenton 
reaction (Fe2+ and Cu+), compared to other cell types. Highly active haem 
oxygenase and nitric oxide synthase further contribute to the free radical 
production. Although both carbon and nitric monoxide are important in the cellular 
control of physiological functions, including regulation of vascular tone, their role in 
the regulation of erythrocyte function has been little studied.  
Thus, future challenges for the study of apparently oxygen-sensitive ion transport 
include dissection of the actual mechanisms behind the oxygen sensitivity of 
different ion transporters in different species under physiological conditions, and 
characterisation of the physiological functions that oxygen-sensitive transporters 
are involved in. 
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Figure legends 
Figure 1  
 
Effect of oxygen tension on the oxygen sensitive component of NKCC (open bars) 
and KCC (hatched bars), together with the fraction of oxygenated (HbO2, open 
circles) and deoxygenated (closed circles) haemoglobin (Hb) in crucian carp 
erythrocytes (means ± S.E.M. of 5 and 3 independent experiments for fluxes and 
Hb oxygen binding, respectively). NKCC activation occurs over approximately the 
same range of oxygen tensions as the increase in deoxygenated Hb. In contrast, 
KCC activation requires much higher oxygen tensions than Hb oxygen binding. 
NKCC and KCC activities were calculated as 10 µM bumetanide-sensitive and 0.1 
mM bumetanide-insensitive potassium influx, respectively, in the presence of 
ouabain. Under these conditions potassium influx is almost completely chloride 
dependent. Oxygen sensitive flux components were calculated for each 
transporter by subtracting the minimally observed flux from all other values. 
Redrawn from (Berenbrink et al., 2006). 
 
 
Figure 2 
Oxygen-sensitive ion transporters, elements of the cytoskeleton, and selected 
erythrocyte membrane proteins. The scheme summerises the existing data on the 
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structural interactions between the components.  The components shown in the 
figure are numbered as the following: (1) band 3 dimer, (2) glycophorin, (3) band 3 
tetramer, (4) Na/K ATPase, (5) Na/H exchanger, (6) Na-K-2Cl cotransporter, (7) 
deoxyhaemoglobin, (8) α and β spectrin, (9) actin filament, (10) band 4.1, (11) 
ankyrin, (12) adducin, (13) carbonic anhydrase II, (14) glycolytic enzymes 
(glyceraldehyde-3-phosphate dehydrogenase, phosphofructokinase, and 
aldolase), (15) syk tyrosine kinase, (16) tropomodulin. 
 
 
Figure 3 
The intraerythrocytic GSH content as a function of blood oxygen saturation in 
mouse in vivo. Male C57Bl6 mice were exposed to either normoxia (air) or 
normobaric hypoxia (8-12% O2) for 4h and rapidly euthanized. Blood samples 
were collected for SO2 and hematocrit measurements (PhOxNova Blood analyzer) 
as well as for the determination of non-protein reduced thiols as described 
elsewhere  (Bogdanova et al., 2003a). Each point represents a single animal 
(Bogdanova and Ogunshola, unpublished data). 
 
Figure 4 
The methaemoglobin level of rat erythrocytes depends on the presence of L-
arginine in the incubation medium. Freshly isolated rat erythrocytes were 
resuspended to a haematocrit value of 5-8% in either L-arginine-free or L-arginine-
containing (100 µM) medium and incubated for 30 min in Eschweiler tonometers at 
a fixed oxygen level in the gas phase (0.5, 3, 5 or 20%). Thereafter oxy-, deoxy- 
and methaemoglobin levels were determined using IL-482 CO-oximeter 
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(Instrumentation Laboratory). Values are means of 5 independent experiments 
±SD (Bogdanova, unpublished data).  
 
 
Table 1: Oxygen sensitivity of red blood cell ion transporters  
 
 NH
E 
KCC NKCC AE Na, K- 
ATPase 
 
Recent References 
Mammals 
      
Human ? ↑ ↓ 0, ↑ 0 
(Drew et al., 2004), (Jensen 
& Brahm, 1995), (Galtieri et 
al., 2002) 
Mouse  ?   ↑ (Bogdanova et al., 2003a) 
Ferret   ↓   (Flatman, 2005) 
Sheep  ↑    (Campbell & Gibson, 1998) 
Horse  ↑    (Speake et al., 1997) 
Birds 
      
Turkey   ↓   (Muzyamba et al., 1999) 
Chicken  ↑ ↓ 0 0 (Drew et al., 2004), (Galtieri 
et al., 2002) 
Reptiles 
      
Alligator    0  (Jensen et al., 1998b) 
Amphibians       
Cane toad ↓     (Kristensen et al., 2007) 
Teleosts 
      
Rainbow 
trout ↓ ↑  0  
(Motais et al., 1987), 
(Berenbrink et al., 2000), 
(Jensen & Brahm, 1995) 
Brown trout     0 (Pesquero et al., 1999) 
Common 
carp ↓ ↑  0  
(Salama & Nikinmaa, 1988), 
(Jensen, 1992), (Jensen & 
Brahm, 1995) 
Crucian carp  ↑ ↓   (Berenbrink et al., 2006) 
Eel ?   0  (Jensen & Brahm, 1995) 
Cod ?   0  (Jensen & Brahm, 1995) 
Flounder ↓ ↑    (Weaver et al., 1999), 
(Kiessling et al., 1998) 
Agnathans       
Lamprey ↓   abs  (Virkki et al., 1998) 
 
Abbreviations: ↑and↓, stimulatory and inhibitory effects of oxygen, respectively; ?, 
transport system present but oxygen sensitivity unknown; abs, transport system 
absent. See (Gibson et al., 2000) for reference to some earlier work 
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